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Abstract
An environmental concern with hydraulic fracturing for shale gas is the risk of
groundwater and surface water contamination. Assessing this risk partly involves the
identification and understanding of groundwater–surface water interactions because
potentially contaminating fluids could move from one water body to the other along
hydraulic pathways. In this study, we use water quality data from a prospective shale
gas basin to determine: if surface water sampling could identify groundwater
compartmentalisation by low-permeability faults; and if surface waters interact with
groundwater in underlying bedrock formations, thereby indicating hydraulic path-
ways. Variance analysis showed that bedrock geology was a significant factor
influencing surface water quality, indicating regional-scale groundwater–surface
water interactions despite the presence of an overlying region-wide layer of superfi-
cial deposits averaging 30–40 m thickness. We propose that surface waters interact
with a weathered bedrock layer through the complex distribution of glaciofluvial
sands and gravels. Principal component analysis showed that surface water composi-
tions were constrained within groundwater end-member compositions. Surface
water quality data showed no relationship with groundwater compartmentalisation
known to be caused by a major basin fault. Therefore, there was no chemical evi-
dence to suggest that deeper groundwater in this particular area of the prospective
basin was reaching the surface in response to compartmentalisation. Consequently,
in this case compartmentalisation does not appear to increase the risk of fracking-
related contaminants reaching surface waters, although this may differ under differ-
ent hydrogeological scenarios.
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1 | INTRODUCTION
The rapid expansion of hydraulic fracturing (fracking) to exploit
unconventional shale gas reservoirs in the United States has led to a
range of environmental concerns: induced seismicity (Davies, Foulger,
Bindley, & Styles, 2013); water usage and contamination (Kondash,
Lauer, & Vengosh, 2018; Vengosh, Jackson, Warner, Darrah, &
Kondash, 2014; Vengosh, Warner, Jackson, & Darrah, 2013); fugitive
methane (CH4) emissions (Boothroyd, Almond, Qassim, Worrall, &
Davies, 2016; Boothroyd, Almond, Worrall, Davies, & Davies, 2018);
human health effects (Currie, Greenstone, & Meckel, 2017); air quality
and noise (Goodman et al., 2016); and surface footprint (Clancy,
Worrall, Davies, & Gluyas, 2018). Potential contamination of surface
waters and groundwater from spills or subsurface contaminant migra-
tion has been a particularly common concern (Vidic, Brantley, Van-
denbossche, Yoxtheimer, & Abad, 2013). As surface waters and
groundwater can be hydraulically connected by pathways, contamina-
tion of either water body could result from surface activities, for
example, spills and surface water discharge (Gross et al., 2013;
Olmstead, Muehlenbachs, Shih, Chu, & Krupnick, 2013), or from the
potential subsurface upward migration of formation fluids, stray gas
or injected fluids (usually predominantly water but chemicals can be
added to: reduce friction; help carry proppants; prevent biological
growth and metal corrosion; and remove drilling mud damage)
(Myers, 2012; Osborn, Vengosh, Warner, & Jackson, 2011; Warner
et al., 2012). Consequently, the vulnerability of surface waters and
shallow groundwater resources (<400 m deep as defined by
UKTAG, 2011) must now also be considered from a bottom–up per-
spective (e.g. Loveless et al., 2019) in addition to the classic top–down
approach for groundwater vulnerability from surface sources
(e.g. Palmer & Lewis, 1998; Worrall & Kolpin, 2004). In both cases an
essential part of understanding the vulnerability of surface waters or
groundwater is identifying groundwater–surface water interactions,
which are indicative of potential pathways contaminants may follow.
Literature reports of proposed water contamination from fracking
operations are relatively rare compared to the number of stimulated
boreholes and are often disputed. In Weld County, CO, Gross
et al. (2013) reported 77 surface spills (0.5% of active wells) between
July 2010 and July 2011 contaminated groundwater with benzene,
toluene, ethylbenzene and xylene (BTEX) components of crude oil. In
northeastern Pennsylvania and southeastern New York, Darrah, Ven-
gosh, Jackson, Warner, and Poreda (2014) reported seven discrete
clusters of fugitive gas contamination from 114 groundwater samples,
and in central Texas one discrete cluster from 20 groundwater sam-
ples. Well integrity failure was hypothesized as the most likely con-
tamination pathway (Darrah et al., 2014) and has also been proposed
by others (e.g. Llewellyn et al., 2015). In Susquehanna County, PA,
Jackson et al. (2013) and Osborn et al. (2011) found that shallow
groundwater CH4 concentrations increased with proximity to the
nearest shale gas well. Conversely, it was argued that CH4 is naturally
ubiquitous in groundwater and elevated CH4 concentrations relate to
topography and groundwater geochemistry (Molofsky, Connor,
Farhat, Wylie, & Wagner, 2011; Molofsky, Connor, Wylie, Wagner, &
Farhat, 2013; Molofsky et al., 2016). For other nations considering or
in the early stages of shale exploitation, it is therefore important that
the risk of water contamination is assessed, particularly where surface
waters and groundwater form important natural resources.
Surface waters and groundwater in England provide on average
70 and 30% of public water supply, respectively (BGS, 2019a).
Water resources in England are managed under the Water Resources
Act 1991 (UKPGA, 1991a) and the Water Industry Act 1991
(UKPGA, 1991b), as well as their subsequent revisions. Furthermore,
the European Union Water Framework Directive requires EU member
states to achieve good chemical and quantitative status of all water
bodies (EU, 2000). Site based environmental regulation in England,
including at shale gas sites, is carried out by the Environment Agency
(EA). Activities related to the onshore oil and gas industry require a
range of environmental permits, for example mining waste permits,
and authorisations under the Environmental Permitting Regulations
2016 (UKSI, 2016). These permits control discharges and any other
relevant risks to the water environment. The EA also determine and
publish water protection zones (e.g. Groundwater Source Protection
Zones and Drinking Water Protected Areas Safeguard Zones) to pro-
tect water resources, as well as publishing River Basin Management
Plans every 6 years which consider the water environment in each
river basin. To date, two fracking operations (Preese Hall and Preston
New Road), both located in the Bowland Basin,1 northwest England,
have taken place (Figure 1). These operations targeted the Bowland
Shale, which is considered to be England's largest prospective shale
gas resource (Andrews, 2013).
The slow development of shale gas resources compared to that in
the United States has provided the opportunity to undertake environ-
mental baseline assessments of surface waters and groundwater
(e.g. Ward et al., 2018), and further understand the water contamina-
tion risk posed by any fluids moving from the deep to shallow subsur-
face. Historic water quality monitoring, along with focused sampling,
can be used for determining baseline conditions and understanding
controls on risks to water quality. For example, the influence of under-
lying bedrock geology on surface water quality, and therefore ground-
water interaction and the presence of hydraulic pathways in specific
river catchments (Jarvie, Oguchi, & Neal, 2002; Neal et al., 2011;
Oguchi, Jarvie, & Neal, 2000) or geographic regions (Rothwell
et al., 2010a, 2010b; Thornton & Dise, 1998). Statistical analyses of
groundwater and surface water quality data are often employed to
infer interaction (similarities indicating hydraulic pathways and vice
versa) (e.g. Guggenmos, Daughney, Jackson, & Morgenstern, 2011).
However, geological information is not always included as an objec-
tive parameter. Likewise, groundwater–surface water interactions can
be interpreted and quantified using the baseflow index method, but
the inclusion of geological parameters is also subjective because it
requires an initial ‘expert judgement’ (Bloomfield, Allen, &
Griffiths, 2009). Additionally, the baseflow index method requires
hydrograph data. In the United Kingdom, hydrograph data are gener-
ally only available on major rivers and tributaries, and are therefore
not usually available in the same spatial density as water quality moni-
toring datasets.
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This study includes geological bedrock formations in the statistical
analysis of surface water and groundwater quality data from a prospec-
tive shale gas basin to investigate groundwater–surface water interac-
tions, and thus potential contaminant pathways. Furthermore, Wilson,
Worrall, Davies, and Hart (2017) showed that groundwater
compartmentalisation by low-permeability faults can restrict regional
horizontal groundwater flow and encourage upward flow, thereby
increasing the vulnerability of shallow groundwater to contamination
from the upward migration of fracking-related fluids. However, as yet
no study has demonstrated if compartmentalisation increases the risk
to surface waters with respect to contamination from below or
whether compartmentalisation can be identified from surface water
F IGURE 1 Map of the study region (red box on inset map) showing surface water and groundwater sampling locations, and the shale gas
sites of Preese Hall (PH) and Preston New Road (PNR). Source: Prospective area of the Bowland Shale from Andrews (2013). Contains OS data
© Crown copyright and database right (2018)
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quality data alone. Although compartmentalisation can be effectively
identified using subsurface data, for example, water levels, chemistry
and pressure (Hamaker & Harris, 2007; Hortle, Xu, & Dance, 2009;
Mohamed & Worden, 2006), the drilling of new groundwater monitor-
ing boreholes can be expensive and time-consuming. For example,
when monitoring for groundwater contamination at Pavillion, WY, the
expense of drilling boreholes was the main limiting factor in the number
of monitoring boreholes installed by the Environmental Protection
Agency (DiGiulio, Wilkin, Miller, & Oberley, 2011). In some prospective
basins surface water quality data may provide an alternative cost-
effective and higher spatial resolution method for identifying
compartmentalisation and assessing groundwater–surface water inter-
actions as a means of evaluating the vulnerability of water resources to
contamination from shale gas operations. Therefore, the aims of this
study were to determine: if groundwater in underlying bedrock forma-
tions influences surface water quality, thereby indicating potential con-
taminant pathways; if groundwater compartmentalisation could be
identified from surface water quality data; and if groundwater
compartmentalisation increases the risk to surface waters?
2 | APPROACH AND METHODOLOGY
The main approach taken was a factorially designed survey of a newly
collected surface water quality dataset. It was not possible to use exis-
ting EA surface water quality data because of the sparser sampling
density and the complexity in inconsistent sampling frequency since
the establishment of the publically available EA dataset in the year
2000. However, publically available EA groundwater quality data since
the year 2000, compiled by Wilson, Worrall, Davies, and Hart (2019),
were analysed with the new surface water quality data to further the
interpretation.
2.1 | Study region
This study considered the rivers and aquifers that cross the Bowland
Basin in northwest England. The basin contains the Bowland Shales,
which may be the United Kingdom's largest prospective shale gas
resource (Andrews, 2013). Bedrock geology across the study region
ranges in age from Carboniferous to Triassic. In the low-lying west of
the basin (the Fylde) bedrock consists of the Triassic Mercia Mud-
stone and Sherwood Sandstone Groups (Figure 2). In the northern
Fylde the boundary between the two groups is conformable, whereas
in the central and southern Fylde the boundary is faulted by the
Woodsfold fault (Figure 2). The Mercia Mudstone and Sherwood
Sandstone Groups do not outcrop in the Fylde and are instead over-
lain by a complex distribution of superficial deposits, which consist of
glacial sands, gravels and tills (clay dominated in this region), tidal flats,
peat, alluvium and blown sands (BGS, 2019a,b; Cripps, Burker, Lee, &
Housh, 2016). The superficial deposits are on average 30–40 m thick
across the Fylde (Cripps et al., 2016). Cripps et al. (2016) postulated
that the glaciofluvial deposits could provide laterally extensive and
unpredictable flow pathways which may connect surface waters to
the underlying bedrock. In the east of the basin, where the Forest of
Bowland Area of Outstanding National Beauty is located, bedrock
geology is composed of the Carboniferous Millstone Grit and the
Bowland High and Craven Groups (Figure 2). These formations are
mostly overlain by superficial deposits (consisting of till, peat and allu-
vium) but outcrops do exist across the Forest of Bowland. The bound-
ary between the Carboniferous and Triassic sediments is faulted or
unconformable (Mott MacDonald, 1997). A limited band of Permian
sediments (Manchester Marl) also occurs along this boundary
(Figure 2). The southeastern edge of the study region is marked by
the Lower Coal Measures (Figure 2).
Precipitation over the study region can be split into two zones
which correspond to both elevation and bedrock geology. The low-
lying Fylde, which is predominantly arable land, has average precipita-
tion <1,000 mm/year. Across the higher elevations of the Forest of
Bowland, which is made up of moorland and rough pastures, average
precipitation is 1800 mm/year (Mott MacDonald, 1997, 2010). The
study region is also split in two by the two major river catchments pre-
sent: the River Wyre and the River Ribble catchments. The River Wyre,
located in the north of the basin, originates in the Forest of Bowland
and flows onto the Fylde, through Garstang, and eventually into the
south of Morecambe Bay (Figure 1). The River Ribble in the south of
the basin originates further inland than the River Wyre, beginning in
the Yorkshire Dales. From the Yorkshire Dales the River Ribble runs
south then southwestwards, skirting the southern edge of the Forest of
Bowland before running through Preston and into the Irish Sea
(Figure 1). A major tributary of the River Ribble is the River Hodder
which originates in the Forest of Bowland. The watershed divide
between the Wyre and Ribble catchments in the Fylde approximately
follows the east–west M55 motorway between Preston and Blackpool.
The Sherwood Sandstone Group forms the principal aquifer in
the eastern Fylde and is the focus of groundwater abstractions in the
study region. Recharge of the Sherwood Sandstone Group is consid-
ered to occur by two mechanisms. In the northern Fylde most
recharge is considered to occur as vertical leakage through the overly-
ing superficial deposits where low-permeability glacial till is absent
(Mott MacDonald, 1997; Sage & Lloyd, 1978). In the southern Fylde it
is thought that lateral inflow from the adjacent Carboniferous strata,
driven by the topographic difference, helps recharge the Sherwood
Sandstone Group (Mott MacDonald, 1997, 2010). The Millstone Grit
forms the aquifer unit across the Forest of Bowland and recharge
occurs from direct precipitation and infiltration through the superficial
deposits. Across the Fylde low-permeability faults are considered to
compartmentalise groundwater and influence flow directions (Wilson
et al., 2019). The main groundwater flow paths are towards
Morecambe Bay in the north and the Ribble Estuary in the south. No
groundwater abstractions from the Sherwood Sandstone Group occur
in the western Fylde where the Sherwood Sandstone Group is con-
fined by the Mercia Mudstone Group. The confined Sherwood Sand-
stone Group is considered isolated from the eastern Fylde by the
Woodsfold fault, based on the presence of brine at depths of
360–500 m (BGS, 2019c). Minor private water abstractions occur
4 WILSON ET AL.
from the superficial deposits across the Bowland Basin, including west
of the Woodsfold fault. The superficial deposits are predominantly
classified as secondary (undifferentiated) aquifers by the EA, meaning
that they have been considered both minor aquifers and non-aquifer
because of their complex characteristics (DEFRA, 2020).
2.2 | Surface water sampling
Surface water samples were collected in two fieldwork campaigns
during the 2018 United Kingdom summer, which was one of the hot-
test and driest summers on record in the United Kingdom
(NOAA, 2019a,b). The Wyre and Ribble rivers, and their major tribu-
taries, generally have a baseflow index of 0.3 (NRFA, 2020), but
during the 2018 summer surface waters were consistently at baseflow
conditions with therefore an increased chance of identifying any bed-
rock groundwater signatures in the surface water quality data. Sam-
pling locations were planned in advance and were located on
publically accessible land with nearby road access (Figure 1). Sampling
locations included both surface waters running over multiple bedrock
formations and those originating and running across a single forma-
tion. The first campaign (20–23 July 2018) collected samples from
128 locations in the River Wyre catchment and surrounding area.
Unfiltered water samples (25.0 mL) were acidified in the field (1.0 mL
of 30% nitric acid) to fix metal ions prior to laboratory analysis.
Water temperature, electrical conductivity, pH and redox potential
were measured in the field using electrode methods. Samples were
refrigerated on the same day as returning from the field. A further
F IGURE 2 Map of the study region showing surface water sampling locations with respect to underlying bedrock geology and faults mapped
by the BGS. PH and PNR are the shale gas sites of Preese Hall and Preston New Road, respectively. Source: Contains BGS data © Crown
copyright and database right (2019). A BGS/EDINA supplied service
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111 locations, including 5 locations common to the first campaign,
were sampled from 10 to 14 September 2018 in the River Ribble and
Hodder catchments. In total 239 surface water samples were col-
lected from 234 unique locations (Figure 1).
2.3 | Temperature correction for electrical
conductivity
To compare electrical conductivity between sampling locations it was
necessary to normalize field conductivity measurements to a standard
temperature. In line with environmental water quality monitoring
undertaken by the EA, field conductivity was normalized to 25C (spe-
cific conductance) using the linear equation of Sorensen and
Glass (1987):
EC25 =
ECt
1+ a t−25ð Þ , ð1Þ
where ECt is electrical conductivity measured in the field at tempera-
ture t (C), EC25 is electrical conductivity at 25C, and a is a tempera-
ture compensation factor. A standard value of a = 0.02 was used
(Hem, 1985; Matthess, 1982).
2.4 | Tidally influenced sampling locations
Due to the low-lying nature of the Fylde and proximity to the Irish
Sea, some sampling locations were tidally influenced. Surface water
samples from these locations could be some mixture of sea and fresh
water, depending on the tidal direction and river discharge. This study
focussed on fresh water and so samples considered to be dominated
or strongly influenced by sea water were removed from the dataset
(Figure 1). Locations to be removed were identified by abnormally ele-
vated conductivity measurements, and in some cases elevated pH and
reduced redox potential compared to non-tidal water samples.
2.5 | Duplicate sampling locations
To combine the datasets from the two fieldwork campaigns, five loca-
tions sampled during the second campaign were common to both
campaigns. The five duplicate locations were chosen to cover the geo-
graphical extent and varying elevation of the study area. The two sets
of results for specific conductance, pH and redox potential from these
five locations were compared using one-way analysis of variance
(ANOVA). The one factor considered (‘Campaign’) had two levels
(‘First’ or ‘Second’ campaign) and the ANOVA was run with and with-
out elevation as a covariate (‘Elevation’). Sample location elevations
were extracted from Ordnance Survey (OS) Terrain 50 data
(OS, 2019) using Esri ArcGIS 10.3. Statistical significance was judged
at the 95% probability of the factor not having zero effect. Prior to
ANOVA, measurements were tested for normality using the
Anderson–Darling test (Anderson & Darling, 1952) and were trans-
formed if necessary.
2.6 | Ion concentration analysis
Of the 239 surface water samples 170 non-tidal samples were
analysed for ion concentrations using Inductively Coupled Plasma-
Optical Emission Spectrometry (ICP-OES). Samples were analysed
using Thermo Scientific iCAP 6000 Series ICP-AES. Calibration stan-
dards were made following serial dilution of Romil (Cambridge)
1,000 mg/L reference solutions. All samples, blanks and standards had
a 1.0 mg/L Yttrium (Y) spike used as an internal standard to correct
for any minor ionization or other matrix effects during the analysis.
The 170 samples included all sampling locations overlying the Mercia
Mudstone Group (40 samples) and Sherwood Sandstone Group
(69 samples), as well as 29 samples overlying the Millstone Grit, two
samples overlying the Lower Coal Measures and 30 samples overlying
the Bowland High and Craven Groups. Ions measured were: calcium
(Ca), iron (Fe), potassium (K), magnesium (Mg), manganese (Mn),
sodium (Na) and sulphur (S). Concentrations were corrected for the
dilution due to acidification. Sulphur concentrations were used to esti-
mate sulphate (SO4) concentrations under the assumption that all S
was present as SO4.
2.7 | Factorial survey design
The study was designed to answer two questions using ANOVA: does
bedrock geology influence surface water quality and can groundwater
compartmentalisation affect surface water quality data?
To assess the former question three ANOVAs were run. Firstly, a
one-way ANOVA was run on the surface water field measurements
and ion concentrations (collectively referred to as ‘determinands’),
with and without elevation included as a covariate (‘Elevation’).
Underlying bedrock geology at sampling locations, determined using
British Geological Survey (BGS) 1:625000 Bedrock Geology data, was
included as the one factor (‘Geology’) with five levels: Mercia Mud-
stone Group, Sherwood Sandstone Group, Lower Coal Measures, Mill-
stone Grit and Bowland High and Craven Groups. The second
ANOVA was run on the same determinands but from mean-averaged
(at each borehole location) groundwater quality data compiled by Wil-
son et al. (2019). The groundwater data consisted of 21 samples with
specific conductance and 31 samples with pH and ion concentrations.
Redox potential data were not available. The inferred aquifer sampled
(as defined by Wilson et al., 2019 using BGS borehole information)
was included as the one factor (‘Aquifer’) with four levels: Mercia
Mudstone Group, Sherwood Sandstone Group, Coal Measures and
Carboniferous. The Millstone Grit and Bowland High and Craven
Group samples were combined in one level (Carboniferous) because
the groundwater data did not allow distinction between the two.
Groundwater samples from coal measures were classed as Coal Mea-
sures because no distinction was possible between the Upper, Middle
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or Lower Coal Measures. The third ANOVA combined both the sur-
face water and groundwater quality data. The two factors considered
were ‘Water body’ and ‘Geology’. The Water body factor had two
levels: Surface water and Groundwater. The Geology factor had four
levels: Mercia Mudstone Group, Sherwood Sandstone Group, Coal
Measures and Carboniferous.
To assess the potential effect of groundwater compartmentali-
sation on surface water quality data a three-way ANOVA was con-
ducted on the samples overlying the Mercia Mudstone and Sherwood
Sandstone Groups. Wilson et al. (2019) interpreted the Woodsfold fault
(Figure 2) to compartmentalise the central and southern Fylde but not
the north. This contrast meant it was possible to test whether
compartmentalisation could impact surface water quality. The ANOVA
considered three factors, each with two levels: ‘Catchment’ (Wyre or
Ribble, i.e. north or south in the basin, respectively), ‘Fault’ (East or West
of the Woodsfold fault) and ‘Geology’ (Mercia Mudstone or Sherwood
Sandstone Group). It was necessary to investigate interactions between
all three factors because the contact between the Mercia Mudstone
and Sherwood Sandstone Groups in the central and southern Fylde is
the Woodsfold fault. The test of our question was whether there was a
significant interaction between the Catchment and Fault factors, that is,
was there a significant difference between east and west of the fault in
the south and central Fylde compared to the north of the Fylde? If yes,
then it could not be ruled out that compartmentalisation was affecting
surface water quality.
Prior to any ANOVA, data were tested for normality using the
Anderson–Darling test (Anderson & Darling, 1952) and transformed if
necessary. Statistical significance was judged at the 95% probability of
the factor or interaction not having zero effect. Results are presented
as least squares means (otherwise known as marginal means). The pro-
portion of the variance explained by significant factors, interactions and
covariates was calculated using the generalized ω2 method (Olejnik &
Algina, 2003). Where factors had more than two levels, post hoc Tukey
tests were carried out to assess where significance lay within factors.
Power analysis was also performed post hoc to estimate what
effect size could have been detected given the sampling design used to
investigate the impact of compartmentalisation, that is, the effective
detection limit for differences between bedrock formations and across
the Woodsfold fault. Power analysis was performed using G*Power 3.1
software (Faul, Erdfelder, Lang, & Buchner, 2007)—a priori the accept-
able power was set at 0.95 (a false negative probability β = .05). The
G*Power software measures effect size (f ) using the measured value of
ω2 as derived above from the method of Olejnik and Algina (2003):
f =
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2
1−ω2
r
: ð2Þ
2.8 | Principal component analysis
Principal component analysis (PCA) is a multivariate statistical tech-
nique used to reduce large numbers of observations while still
maintaining the majority of information. Wilson et al. (2019) previ-
ously used PCA to analyse groundwater quality data from the study
region. In this study, PCA was firstly used to identify surface water
quality trends and end-members. A priori measurements for specific
conductance, Ca, Fe, K, Mg, Mn, Na and SO4 were normalized using
z-transformation to allow for comparison of determinands with
different units. Principal components (PCs) were chosen based on
eigenvalues >1, which represent components that explain more of the
underlying variation than any of the original variables (Chatfield &
Collins, 1980). Scatter plots of PC values for each location were used
to interpret trends and end-members. No trends or end-members
were assumed prior to this interpretation. A second PCA was carried
out on the surface water data combined with the groundwater data
used by Wilson et al. (2019). The aim of this PCA was to investigate
how groundwater trends and end-members identified by Wilson
et al. (2019) related to those identified for surface waters. A total of
57 groundwater locations with measurements for specific conduc-
tance and concentrations for Ca, Fe, K, Mg, Mn, Na and SO4 were
extracted from the dataset of Wilson et al. (2019).
3 | RESULTS
Four surface water samples were identified as being dominated or
strongly influenced by sea water. These samples were removed prior
to further analysis, leaving a total of 235 surface water samples from
231 unique sampling locations. All field measurements (235 samples)
and ion concentrations (170 samples) are provided in Tables S1 and
S2, respectively.
3.1 | Duplicate sampling locations
For field measurements at the duplicate sampling locations (Table S3),
the Anderson–Darling test indicated no transformations were
required prior to ANOVA. ANOVA showed that differences in specific
conductance, pH and redox potential between the fieldwork cam-
paigns were not significant (Table 1). Elevation was not a significant
covariate for pH and redox potential but was significant for specific
conductance, however the Campaign factor remained insignificant.
The inclusion of a covariate increases the sensitivity of the analysis
TABLE 1 ANOVA results for duplicate sampling locations
Response Covariate
R2
(%)
p-value
Campaign Elevation
Specific
conductance
None 6.47 .478 —
Elevation 89.36 .078 <.0005
pH None 29.84 .102 —
Elevation 39.74 .105 .319
Redox potential None 17.66 .227 —
Elevation 42.25 .187 .128
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with respect to the difference between the campaigns, further assur-
ing that the two campaigns could be directly compared. Given these
results the data from the two campaigns were combined for further
analysis without any corrections required.
3.2 | Surface water quality and bedrock geology
Figure 3 shows the numerical distributions of all surface water
determinands in relation to underlying bedrock geology. Specific con-
ductance and ion concentrations appear to vary with underlying bed-
rock geology; samples underlain by the Mercia Mudstone and
Sherwood Sandstone Groups generally have higher specific conduc-
tance and concentrations than those underlain by the Lower Coal
Measures, Millstone Grit and Bowland High and Craven Groups
(Figures 3 and 4). However, this pattern was also true for elevation
(Figure 3d), suggesting that elevation could be the dominant control
or, more likely, that elevation is influenced by the different bedrock
formations and their weathering rates.
Anderson–Darling tests indicated that field measurements
required no transformation prior to ANOVA. ANOVA showed that
Geology was a significant factor controlling the specific conductance,
pH and redox potential of surface water samples across the basin
(Table 2). The Geology factor explained 49.2% of the variation in spe-
cific conductance, which increased to 55.4% with the inclusion of the
Elevation covariate. However, the Geology factor remained significant
even after inclusion of the Elevation covariate. Elevation was a signifi-
cant covariate for specific conductance and pH, explaining 6.0 and
7.3%, respectively, of the variance as calculated using the generalized
ω2 method. For pH the inclusion of the Elevation covariate resulted in
the Geology factor becoming insignificant. For redox potential the
Elevation covariate was insignificant and the Geology factor remained
significant. The best-ft model for the field measurements had an R2
value of 55.4% (Table 2) which means that a minimum of 44.6% of the
original variance was not explained by any of the ANOVA.
Unexplained variance in ANOVA includes the measurement error and
also any factors, covariates and their interactions that were not con-
sidered in the original experimental design, for example, changing land
use. The magnitude of the unexplained variance does not negate the
significance, or not, of the factors that were included.
Post hoc Tukey tests showed that for specific conductance, sig-
nificant differences lay between the Mercia Mudstone Group, the
Sherwood Sandstone Group and the Millstone Grit and Bowland High
and Craven Groups (Figure 5 and Table 2). Differences between the
Lower Coal Measures and other bedrock formations were insignifi-
cant, which might result from the small sample size (two samples)
obtained from surface waters overlying the Lower Coal Measures.
Prior to ANOVA, Fe, Mg, Mn, Na and SO4 concentration data
were log-transformed. The Anderson–Darling test suggested that no
transformation was necessary for either Ca or K. The ANOVA showed
that Geology was a significant factor controlling the concentrations of
all seven ions (Table 2). The Geology factor explained from 12.0% of
the variation in Fe concentrations to 51.2% of the variation in Na
concentrations (Table 2). Elevation was a significant covariate for all
ions, except Fe, and increased the overall fit of the models (i.e. R2
values increased), but in all cases did not alter the significance of the
Geology factor, that is, there was a geological control on surface
water quality over and above that due to elevation. The proportion of
variance explained by the Geology factor was greater than that
explained by the Elevation covariate for all ions except Mg (Table 2).
Post hoc Tukey tests showed that significant differences lay
between the Mercia Mudstone Group, the Sherwood Sandstone
Group, and the Millstone Grit and Bowland High and Craven Groups
for Ca, Mg, Na and SO4 (Figure 5 and Table 2). For Fe and Mn, the
Mercia Mudstone Group was the only bedrock formation that was
significantly different from all other formations, excluding the Lower
Coal Measures (Figure 5 and Table 2). For K, the Mercia Mudstone
and Sherwood Sandstone Groups were grouped together and were
significantly different from the Millstone Grit and Bowland High and
Craven Groups (Figure 5 and Table 2). The Lower Coal Measures were
only significantly different to the Mercia Mudstone Group for Ca
and Mg.
3.3 | Groundwater quality and aquifers
All groundwater determinands except pH were log-transformed prior
to ANOVA because of improved Anderson–Darling test values com-
pared to the raw data. ANOVA showed that Aquifer was a significant
factor in explaining differences in all determinands, bar pH, across the
aquifer formations (Table 3). The Aquifer factor explained from 27.1%
of the variation in Mn concentrations to 71.8% of the variation in SO4
concentrations (Table 3). Post hoc Tukey tests showed that ground-
water in the Mercia Mudstone Group was significantly different to all
other aquifer formations for specific conductance, Ca, Na and SO4,
and different to the Sherwood Sandstone Group and Carboniferous
for all determinands except Fe and Mn (Figure 5 and Table 3). No sig-
nificant differences existed between the Sherwood Sandstone Group,
Coal Measures and Carboniferous strata for any determinands
(Figure 5 and Table 3).
3.4 | Combined surface water and groundwater
quality ANOVA
Prior to ANOVA all determinands, except pH, were log-transformed.
ANOVA results showed that Geology was a significant factor for all
determinands (Table 4). Within the Geology factor all determinands
from the Mercia Mudstone Group, expect pH, were significantly dif-
ferent from the other geological formations, which was confirmed by
groupings from the post hoc Tukey tests (Table 4). Post hoc Tukey
tests also showed that the Sherwood Sandstone Group and Carbonif-
erous were significantly different from each other for all determinands
except Fe and Mn (Table 4). The Coal Measures were not significantly
different from any of the other geological formations as shown by the
shared Tukey Test groups. The Water body factor, with levels of
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F IGURE 3 Box plots showing the maximum, minimum, mean, and first SD values of field measurements, elevation and ion
concentrations, split by underlying bedrock geology. (a) Specific conductance, (b) redox potential, (c) pH, (d) elevation, (e) Ca concentration,
(f ) Fe concentration, (g) K concentration, (h) Mg concentration, (i) Mn concentration, (j) Na concentration, and (k) SO4 concentration. Where
lower whiskers are not shown, the SD is greater than the minimum value and so the base of the box represents the minimum value. BHCG,
Bowland High and Craven Groups; LCM, Lower Coal Measures; MG, Millstone Grit, MMG, Mercia Mudstone Group; SSG, Sherwood
Sandstone Group
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surface water and groundwater, was significant for specific conduc-
tance, Ca, Mg and Na, but not for Fe, K, Mn, SO4 and pH (Table 4). In
other words, whereas significant differences in Fe, K, Mn, SO4 and pH
occurred between the different geological formations, no differences
were observed between surface waters and groundwater. The gener-
alized ω2 method showed that the Geology factor always explained
more of the variance in determinands than the Water body factor or
the interaction between the two factors, ranging from 2.1% of the
variance in pH to 44.8% of the variance in specific conductance
(Table 4).
The interaction between the Geology and Water body factors
was significant for Ca, Fe, K, Na and SO4. Post hoc Tukey tests
showed that for Ca, Na and SO4, groundwater in the Mercia Mud-
stone Group was significantly different to all other waters, including
surface waters overlying the Mercia Mudstone Group (as shown by
lines in Figure 6). No significant differences were observed for any
determinands between groundwater and surface waters of the Coal
Measures, and only K showed a significant difference between
groundwater and surface waters of the Sherwood Sandstone Group
(Figure 6). For the Carboniferous, significant differences between
groundwater and surface waters occurred for Ca and Na, but not for
Fe, K or SO4. Considering interactions between groundwaters of the
different geological formations, no significant differences between
the Sherwood Sandstone Group, Coal Measures and Carboniferous
strata were observed for any determinands (as shown by the absence
of lines in Figure 6). For surface waters, all determinands were signifi-
cantly different between the Carboniferous and Mercia Mudstone
Group. Surface waters overlying the Carboniferous were also signifi-
cantly different to those overlying the Sherwood Sandstone Group
for Ca, K, Na and SO4, but not for Fe. Lastly, surface waters overlying
the Sherwood Sandstone Group were significantly different to those
overlying the Mercia Mudstone Group for Fe, Na and SO4.
F IGURE 4 Map of study region showing specific conductance measurements and the location of the geological cross-section in Figure 9. PH
and PNR are the shale gas sites of Preese Hall and Preston New Road, respectively. Source: Contains BGS data © Crown copyright and database
right (2019). A BGS/EDINA supplied service
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The power analysis performed for the experimental design was irrel-
evant for the Geology factor because all determinands proved to be sig-
nificant at the 95% probability. For the Water body factor the detectable
difference was greater for each determinand than for the Geology factor
(Table 4), i.e. it was easier to detect differences between the different
geological formations than the difference between the water bodies. For
example, for specific conductance the detectable difference between
surface waters and groundwater was 142 μS/cm whereas the detectable
difference between the different geological formations was lower at
125 μS/cm. However, it should be noted that while the detectable dif-
ference for Na concentration was 1850 mg/L, the detectable difference
for pH was only 0.15 pH units which may not be meaningfully physical
given the typical accuracy of field measurements for this determinand.
3.5 | Water quality trends and end-members
The PCA reduced the eight surface water determinands from the
170 surface water samples to two PCs, which explained 79.5% of the
variance in the data (Table 5). All determinands had positive loadings
in PC1, suggesting that PC1 was a general concentration component.
In PC2 the strongest positive loadings were for Fe and Mn, and the
strongest negative loading was for SO4 (Table 5).
A plot of PC2 versus PC1, colour-coded by underlying bedrock
geology, indicated at least three end-members exist for surface waters
(Figure 7a). Surface water end-member A (SW-A) comprised of two
sampling locations (location numbers 132 and 139) in the Forest of
Bowland, underlain by the Millstone Grit (Figure 7). These locations had
low ion concentrations and specific conductance (74 μS/cm)
(Table S2) when compared to the entire dataset. The trend from SW-A
to SW-B (location number 104) showed increasing PC1, signifying
increased ion concentrations and specific conductance, and increasing
PC2 as a result of SW-B having the highest Fe concentration in the
dataset (214 mg/L) (Table S2). SW-B was located in the northwest
Fylde and was underlain by the Mercia Mudstone Group (Figure 8). The
trend from SW-A to SW-D (location number 232) showed increasing
PC1 and decreasing PC2, resulting from SW-D having the highest SO4
concentration in the dataset (458 mg/L) (Table S2). SW-D was located
in the southwest Fylde and was underlain by the Mercia Mudstone
Group (Figure 8). A fourth end-member, SW-C (location number
97—Figure 8) was interpreted to lie between SW-B and SW-D
(Figure 7a). SW-C had elevated Na concentrations (185 mg/L) and was
located in the northwest Fylde 1.4 km from SW-B, and was also
underlain by the Mercia Mudstone Group (Figure 8).
PCA on the combined surface water and groundwater data also
reduced the eight determinands to two PCs, which explained 75.3%
TABLE 2 ANOVA and post hoc Tukey test results for the field measurements and ion concentrations
Determinand Covariate
p-value
R2 (%)
ω2 (%) Groupings from Tukey tests
Geology Elevation Geology Elevation MMG SSG LCM MG BHCG
Specific conductance None <.0005 — 49.2 48.3 — A B B C C C
Elevation <.0005 <.0005 55.4 11.5 6.0
pH None <.0005 — 8.8 7.2 — — — — — —
Elevation .241 <.0005 16.5 — 7.3
Redox potential None <.0005 — 14.6 13.1 — B A A B A A
Elevation <.0005 .208 15.2 12.2 —
Ca None <.0005 — 48.3 46.9 — A B B C C C
Elevation <.0005 <.0005 54.6 13.1 6.0
Log Fe None <.0005 — 12.0 9.8 — A B A B B B
Elevation .003 .689 12.1 6.7 —
K None <.0005 — 34.0 32.3 — A A A B B B
Elevation .002 .003 37.5 5.2 3.1
Log Mg None <.0005 — 49.3 47.9 — A B B C C C
Elevation <.0005 <.0005 57.7 7.4 8.1
Log Mn None <.0005 — 22.8 20.8 — A B A B B B
Elevation <.0005 .034 24.9 12.8 1.6
Log Na None <.0005 — 51.2 49.9 — A B A B C C C
Elevation <.0005 <.0005 59.5 9.1 8.0
Log SO4 None <.0005 — 35.9 34.3 — A B A B C C C
Elevation <.0005 .002 39.6 9.5 3.3
Note: Groups from the Tukey tests that do not share a letter are significantly different.
Abbreviations: BHCG, Bowland High and Craven Groups; LCM, Lower Coal Measures; MG, Millstone Grit; MMG, Mercia Mudstone Group; SSG, Sherwood
Sandstone Group.
WILSON ET AL. 11
of the data variance (Table 5). In PC1 all determinands had positive
loadings, again suggesting PC1 was a general concentration compo-
nent. In PC2 the strongest loadings were for Fe and Mn, but with
reversed polarity to the PCA on just the surface water data
(Table 5). This polarity reversal occurred because a number of
groundwater samples had very high values for specific conductance
and Na.
A plot of PC2 versus PC1 for the combined surface water and
groundwater PCA showed that the surface water data lay inside the
groundwater end-members and SW-A coincided with the fresh
water groundwater end-member (GW-A) identified by Wilson
et al. (2019) (Figure 7b). GW-A comprised of two sampling locations
in the Forest of Bowland; New Drop Inn borehole and Saddleside
Springs, which sampled the Millstone Grit and an unknown aquifer,
respectively (Figure 8). SW-B and GW-B (Blackpool Promenade
Borehole no. 9) plotted towards an Fe-rich groundwater end-
member at Withnell Quarry (Fe concentration 330 mg/L) (Figures 7b
and 8), which was not identified as an end-member by Wilson
F IGURE 5 Diagram of post hoc
Tukey test results for each determinand
from the variance analysis on surface
water (top surface) and groundwater
(front surface) quality data. Double-ended
arrows represent significant difference.
For example, for surface water SC the
Mercia Mudstone Group, Sherwood
Sandstone Group, and Carboniferous
samples were all significantly different to
each other. Surface water samples
overlying the Lower Coal Measures and
groundwater samples from the Coal
Measures are not shown. CARB,
Carboniferous (comprising of MG—
Millstone Grit and BHCG—Bowland High
and Craven Groups), MMG, Mercia
Mudstone Group, RP, Redox Potential;
SC, specific conductance; SSG, Sherwood
Sandstone Group
TABLE 3 ANOVA and post hoc
Tukey test results for the groundwater
determinands with inferred aquifer as the
factor
Determinand p-value R2 (%)
Groupings from Tukey tests
MMG SSG CM CARB
Log specific conductance <.0005 63.0 A B — B
pH .563 7.2 — — — —
Log Ca <.0005 47.7 A B B B
Log Fe .003 40.5 A AB B B
Log K .001 44.4 A B AB B
Log Mg .001 45.8 A B AB B
Log Mn .034 27.1 A B AB AB
Log Na <.0005 52.9 A B B B
Log SO4 <.0005 71.8 A B B B
Note: Groups from the Tukey tests that do not share a letter are significantly different.
Abbreviations: CARB, Carboniferous strata (including Millstone Grit and Bowland High and Craven Groups); CM, Coal Measures; MMG, Mercia Mudstone
Group; SSG, Sherwood Sandstone Group.
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et al. (2019) because of the different water quality determinands
used. The Na-Cl groundwater end-member, GW-C (Jameson Road
Landfill Site—Figure 8), was clearly observed on Figure 7b and SW-C
plotted towards it. Likewise, SW-D plotted towards three SO4-rich
groundwater samples classified as outliers by Wilson et al. (2019)
(Figure 7b). The other outlier samples classified by Wilson
et al. (2019), i.e. those with very high total dissolved solids, were
responsible for the reversed polarity.
F IGURE 6 Post hoc Tukey test results for determinands with significant interaction between the Water Body and Geology factors: (a) Ca,
(b) Fe, (c) K, (d) Na, and (e) SO4. Significant interactions between factor levels are shown by lines. GW, MMG, SW, CARB, and SSG have been
coloured red, green, and blue, respectively, to highlight levels with the most interactions. CARB, Carboniferous; GW, groundwater; MMG, Mercia
Mudstone Group; SSG, surface water Sherwood Sandstone Group; SW, surface water
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3.6 | Identifying compartmentalisation
The compartmentalisation of groundwater in the central and southern
Fylde by the Woodsfold fault is readily identifiable from groundwater
quality data. However, the potential effect on surface water quality is
unknown. Therefore, a three-way ANOVA was conducted on the surface
water quality data to investigate if groundwater compartmentalisation
affects surface water quality and thereby, if surface water quality data
might be used to identify groundwater compartmentalisation.
Prior to the ANOVA all determinands, except Ca, pH and redox
potential, were log-transformed because of improved normality.
When single factors were considered the only significant differences
observed were for SO4 between the Wyre and Ribble catchments and
Mn across the Woodsfold fault (Table 6). When two-way and three-
way factor interactions were considered no significant differences
were observed (Table 6). Critically, the interaction between the Catch-
ment factor (with levels Wyre or Ribble, that is, north or south in the
Fylde) and the Fault factor (with levels East or West of the Woodsfold
fault) was not significant, indicating that compartmentalisation across
the Woodsfold fault did not significantly affect the surface water
quality data. This result could have been due to a lack of effect of
groundwater compartmentalisation on surface waters, or that the
sampling design was not sufficient to detect the difference, that is,
the power of the design was not sufficient and a false negative exists.
However, the power analysis showed that it would have been possi-
ble at 95% significance and 95% power to detect an effect which
explained 10.7% of the original variance. For specific conductance this
corresponded to a detectable difference of 157 μS/cm across the
Woodsfold fault (Table 6), which is smaller than the difference in
mean specific conductance observed between the Mercia Mudstone
and Sherwood Sandstone Group surface water samples (Figure 9).
Therefore, the survey design was capable of detecting a com-
partmentalising effect with a difference smaller than that observed
between the underlying bedrock formations.
4 | DISCUSSION
4.1 | Does groundwater in underlying bedrock
formations affect surface water quality?
Statistical analyses of water quality data have been used in various
geographical regions to investigate groundwater–surface water
interactions. Kumar, Ramanathan, and Keshari (2009) used major ion
TABLE 5 Results of principal component analysis for surface water quality data and combined surface water and groundwater quality data
Surface water
Principal components
PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8
Specific conductance 0.436 −0.143 −0.076 −0.133 −0.154 −0.145 −0.274 −0.804
Ca 0.413 −0.074 −0.317 0.093 −0.365 0.180 −0.564 0.481
Fe 0.206 0.653 −0.328 −0.288 0.082 −0.557 0.082 0.131
K 0.380 −0.097 0.333 0.693 0.064 −0.474 0.119 0.110
Mg 0.417 0.070 −0.107 −0.013 −0.405 0.351 0.723 −0.006
Mn 0.278 0.556 0.236 0.184 0.441 0.530 −0.188 −0.117
Na 0.338 −0.172 0.638 −0.608 0.059 −0.070 −0.025 0.264
SO4 0.296 −0.442 −0.448 −0.084 0.686 0.047 0.167 0.098
Eigenvalue 4.8716 1.4908 0.6589 0.3447 0.3074 0.1756 0.1287 0.0224
Proportion (%) 60.9 18.6 8.2 4.3 3.8 2.2 1.6 0.3
Cumulative (%) 60.9 79.5 87.8 92.1 95.9 98.1 99.7 100.0
Surface water and groundwater
Specific conductance 0.416 0.235 −0.147 −0.077 −0.447 −0.408 0.259 0.558
Ca 0.292 −0.258 0.631 0.642 −0.159 −0.059 0.072 −0.058
Fe 0.138 −0.664 −0.032 −0.413 −0.537 0.253 −0.043 −0.114
K 0.427 0.049 −0.281 0.142 0.207 0.604 0.554 −0.044
Mg 0.451 0.050 −0.075 0.066 0.142 0.297 −0.759 0.315
Mn 0.240 −0.577 −0.203 −0.043 0.575 −0.471 0.079 0.084
Na 0.432 0.231 −0.246 0.024 −0.149 −0.302 −0.158 −0.748
SO4 0.304 0.213 0.627 −0.620 0.265 0.012 0.107 −0.064
Eigenvalue 4.4304 1.5932 0.7961 0.4563 0.4199 0.1809 0.1061 0.0171
Proportion (%) 55.4 19.9 10.0 5.7 5.2 2.3 1.3 0.2
Cumulative (%) 55.4 75.3 85.2 90.9 96.2 98.5 99.8 100.0
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chemistry and multivariate statistics to investigate the effect of
monsoon rains on groundwater–surface water interactions in an
urbanized section of the River Yamuna in Delhi, India. Guggenmos
et al. (2011) also used multivariate statistics to indicate some river
systems in the Wairarapa Valley, New Zealand, were recharging shal-
low aquifers whereas in others, groundwater was providing base-
flow. Guggenmos et al. (2011) also highlighted that differences in
water quality between surface waters and groundwater can indicate
disconnection. In the United Kingdom, various studies have consid-
ered how bedrock geology relates to surface water quality, thereby
indicating groundwater interaction (Neal et al., 2011; Rothwell
et al., 2010a, 2010b; Soulsby et al., 2007; Thornton & Dise, 1998).
Rothwell et al. (2010a) found significant relationships between bed-
rock geology and surface water pH, Ca, Mg and SO4 concentrations
across northwest England, although in the study region the Mercia
Mudstone and Sherwood Sandstone Groups were classified as one
bedrock type. Neal et al. (2011) studied the Wyre and Ribble river
catchments, concluding that under baseflow conditions the upland
rivers primarily comprise of groundwater inputs enriched in divalent
base cations due to weathering of the underlying Carboniferous bed-
rock. Nevertheless, only 26 sites were chosen for monitoring, most
of which were not located in the Fylde.
The ANOVA on surface water determinands showed that surface
water quality was generally distinct when comparing between the
Mercia Mudstone Group, Sherwood Sandstone Group and Carbonif-
erous bedrock (Figure 5). This result indicates that on a regional-scale
groundwater in underlying bedrock formations interacts with surface
waters despite the widespread presence of superficial deposits which
average 30–40 m thickness in the Fylde (Cripps et al., 2016). Although
an assessment of the physical and geochemical characteristics of the
superficial deposits is beyond this study, it is likely that localized path-
ways between bedrock and surface waters occur in the absence of
glacial till and the presence of glaciofluvial sands and gravels. These
glaciofluvial pathways are considered to allow recharge of the Sher-
wood Sandstone aquifer in the Fylde (Mott MacDonald, 1997, 2010;
Sage & Lloyd, 1978). Alternatively, direct hydraulic connections might
F IGURE 7 Principal components
plots of PC2 versus PC1 for (a) 170
surface water samples analysed for ion
concentration, and (b) 170 surface water
samples and 57 groundwater samples
analysed for ion concentrations.
Interpreted SW and GW end-members
(from Wilson et al., 2019) are labelled, as
are high SO4 (blue ellipse), total dissolved
solids (TDS), and Fe trends. BHCG,
Bowland High and Craven Groups; GW,
groundwater; LCM, Lower Coal
Measures; MG, Millstone Grit; MMG,
Mercia Mudstone Group; SSG, Sherwood
Sandstone Group; SW, surface water
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exist around undiscovered bedrock highs where superficial deposits
are thin or absent (Cripps et al., 2016).
Specific areas where there was evidence for interaction were
identified through the PCA. SW-C and GW-C were Na-dominated
end-members both located in the northwest Fylde (Figure 8),
suggesting they could be related. Wilson et al. (2019) suggested that
the groundwater Na concentrations could be the result of landfill
leachate, sea water intrusion or in situ dissolution of the Preesall
Halite found within the Mercia Mudstone Group of the northwest
Fylde (Wilson, 1990; Wilson & Evans, 1990). Considering SW-C is
5.6 km from GW-C (Figure 8), landfill leachate can likely be dis-
missed as the cause of the Na concentrations at SW-C and the
hypotheses of in situ halite dissolution or sea water intrusion are pre-
ferred explanations (note that the source of Na and Cl concentrations
at GW-C may be different to SW-C and could relate to landfill leach-
ate). Evidence for interaction also occurs in the southwest Fylde
(Figure 8). SW-D and surrounding surface water samples were Ca-rich
and contained the highest concentrations of SO4 in the study. The
Kirkham Mudstone Formation of the Mercia Mudstone Group, which
is the bedrock in this area (BGS, 2019b), is rich in gypsum
(CaSO4.2H2O) (Wilson, 1990). Therefore, the Ca and SO4 concentra-
tions in surface waters may relate to gypsum dissolution by ground-
water in the underlying Mercia Mudstone Group.
ANOVA on groundwater determinands showed that groundwater
in the Sherwood Sandstone Group and Carboniferous could not be
distinguished from each other (Figure 5), implying similar bedrock min-
erology and/or well-mixed groundwater. This result contradicts the
surface water results which suggested distinct groundwater–surface
water interactions across the bedrock types. The contradiction may
be explained by surface waters mostly interacting with groundwater
in a shallow weathered bedrock layer but not with groundwater
deeper in the bedrock formations. Evidence for a weathered bedrock
layer in the Fylde comes from borehole data and suggests the weath-
ered layer may be up to 5 m thick (Cripps et al., 2016).
F IGURE 8 Map of the study region showing surface water and groundwater sampling locations used in the principal component analysis.
Source: Contains BGS data © Crown copyright and database right (2019). A BGS/EDINA supplied service
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Groundwater within the Mercia Mudstone Group was distinct
from other bedrock formations (Figure 5) and the level interactions
from ANOVA on surface water and groundwater determinands indi-
cated that groundwater in the Mercia Mudstone Group was distinct
from the overlying surface waters (Figure 6). This result contradicts
the surface water ANOVA which indicated groundwater–surface
water interaction from the significant difference in surface water qual-
ity observed between the Sherwood Sandstone and Mercia Mudstone
Groups. The contradiction could be explained if groundwater within
the Mercia Mudstone Group is stratified; surface waters interact with
groundwater in a weathered layer of the upper Mercia Mudstone
Group but groundwater in the lower Mercia Mudstone Group does
not mix. Evidence for this hypothesis comes from SW-D and sur-
rounding surface water samples. These samples were not dominated
by Na like the Na-Cl dominated brine found in the lower Mercia Mud-
stone Group at the Kirkham Borehole (SD43/20) and in the underly-
ing Sherwood Sandstone Group at Roseacre Wood (BGS, 2019c;
Wilson et al., 2019). Shallow groundwater stratification within the
low-permeability Mercia Mudstone Group may be a common occur-
rence; in the nearby Mersey Basin Na and Cl concentrations in the
Mercia Mudstone Group rapidly increase from 5,950 and 9,260 mg/L
at 120 m depth to 123,000 and 192,000 mg/L at 150 m, respectively
(Tellam, 1995).
4.2 | The origin of the Na-Cl brines
Based on the absence of halite at groundwater sampling depths
(240–260 m in the Kirkham Borehole) in the Mercia Mudstone Group,
Wilson et al. (2019) proposed the origin of Na-Cl brines in the Mercia
Mudstone and Sherwood Sandstone Groups was halite dissolution in
the Mercia Mudstone Group in the offshore East Irish Sea Basin, with
onshore emplacement driven by basin compaction; this process being
analogous to that proposed to account for brines found in the
Sellafield region further north (Bath et al., 2006). However, the
absence of halite and previously overlooked presence of brecciation
and collapse structures in the Kirkham Borehole may be explained by
halite dissolution. Consequently, the origin of the Na-Cl brines might
be in situ halite dissolution in the Mercia Mudstone Group and migra-
tion into the underlying Sherwood Sandstone Group. This process has
been proposed to account for saline waters found in the Sherwood
Sandstone Group in the Mersey Basin and Market Weighton Block
(Bottrell, West, & Yoshida, 2006; Tellam, 1995).
4.3 | Does compartmentalisation affect surface
water quality?
TheWoodsfold fault (Figure 2) is considered to form a low-permeability
barrier in the central and southern Fylde, compartmentalising ground-
water in this part of the study region (Ove Arup and Partners
Ltd., 2014a; Wilson et al., 2019). On the west side of the fault ground-
water in the Sherwood Sandstone Group is of brine nature
(BGS, 2019c) whereas on the east side fresh water abstractions occur
(Figure 9; Mott MacDonald, 1997, 2010). Furthermore, groundwater
levels either side of the fault are different, decreasing from 5 to 10 m
above Ordnance Datum (OD) east of the fault to 16.8 m below OD
west of the fault (Ove Arup and Partners Ltd., 2014a,b). The three-way
ANOVA on surface water quality data showed no significant evidence
of compartmentalisation across the Woodsfold fault, indicating no
transfer of compartmentalisation to surface waters. It was not possible
to support this interpretation with ANOVA that incorporated ground-
water data because there is a paucity of groundwater boreholes and
hence data in this area (see Wilson et al., 2019, fig. 1).
The absence of evidence of a significant compartmentalising effect
could result from a lack of data, for example, not enough surface water
bodies (and hence samples) cross-cut the fault in question, or the
determinands measured were not sensitive enough. However, the mea-
surements were sensitive enough to show the impact of underlying
bedrock geology on surface water quality (there was a significant
TABLE 6 Three-way ANOVA results and power analysis for surface water quality data used to identify compartmentalisation across the
Woodsfold fault
Determinand
R2
(%)
p-value
Detectable
differenceGeology Catchment Fault
Geology ×
Catchment
Geology ×
Fault
Catchment
× Fault
Geology ×
Catchment × Fault
Log specific
conductance
21.45 .192 .462 .329 .483 .981 .303 .469 157 μS/cm
pH 8.04 .942 .103 .176 .266 .732 .729 .372 0.3
Redox potential 25.6 .237 .175 .193 .928 .341 .571 .944 25.5 mV
Ca 20.15 .213 .464 .186 .997 .905 .584 .484 17.3 mg/L
Log Fe 18.9 .601 .731 .061 .603 .181 .131 1 22.9 mg/L
Log K 11.22 .472 .917 0.667 .35 .366 .232 .421 2.0 mg/L
Log Mg 29.03 .235 .46 .241 .747 .912 .407 .235 5.1 mg/L
Log Mn 37.16 .185 .527 .013 .463 .337 .312 .848 0.5 mg/L
Log Na 26.4 .108 .141 .403 .157 .944 .206 .891 21.6 mg/L
Log SO4 32.4 .39 .004 .304 .35 .948 .401 .305 48.7 mg/L
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difference in surface water quality between the Mercia Mudstone and
Sherwood Sandstone Groups) and the power analysis showed that the
survey design was capable of detecting a difference smaller than that
observed between the bedrock formations. Together these results indi-
cate that the mineralogical change in geological bedrock formation
affected surface water quality but not the groundwater barrier effect of
the Woodsfold fault. We propose that although surface waters appear
to interact with a weathered bedrock layer via shallow circulation
through glaciofluvial sands and gravels of the superficial deposits, there
is no chemical evidence to suggest that deeper groundwater from the
Mercia Mudstone Group, or below, was rising to the surface in
response to the Woodsfold fault acting as a barrier.
F IGURE 9 Diagram of the differences in electrical conductivity of surface waters and groundwater across the Woodsfold fault in the
southern Fylde. Electrical conductivities for groundwater from Wilson et al. (2019). Reference geological cross-section (approximate location
shown in Figure 4) is based on BGS (1990) and Ove Arup and Partners Ltd. (2014c)
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4.4 | Implications for shale gas exploitation
Groundwater–surface water interactions may indicate potential two-
way contaminant pathways exist. Identifying and understanding these
pathways is therefore essential for assessing the water contamination
risks posed by surface spills or subsurface leakage related to shale gas
activities, or indeed other anthropogenic activities. Although ground-
water monitoring boreholes are undoubtedly useful for this purpose,
there may be a lack of existing boreholes or temporal and financial
constraints on drilling new boreholes (e.g. DiGiulio et al., 2011). In
contrast, surface water sampling (providing a surface water system
exists across the prospective basin) can be quicker, cheaper and more
spatially comprehensive than groundwater samples. If the underlying
bedrock geology is known and an informed conceptual hydrological
model exists, surface water samples could be used with or without
groundwater samples to infer groundwater–surface water interac-
tions. An additional issue to consider are transient hydraulic effects,
for example surface waters may be gaining or losing at different
points of the year in response to seasonal precipitation or human-
induced effects such as abstraction (Sophocleous, 2002). As a result,
the receptors of potential contaminants would also change in
response to directional flow changes in the pathway.
For the study region surface water quality data indicated
regional-scale groundwater–surface water interaction through the
superficial deposits, highlighting the importance of localized investiga-
tions to identify specific pathways and receptors in shale gas environ-
mental risk assessments. For sites located west of the Woodsfold
fault, the thickness of the Mercia Mudstone Group [330 m thick in
the Kirkham Borehole SD43/20 (UKOGL, 2020)] appears to provide a
hydraulic barrier between groundwater in the underlying Sherwood
Sandstone Group and groundwater in the overlying superficial
deposits, as well as surface waters; although Ca and SO4 signatures
from proposed gypsum dissolution in the Mercia Mudstone Group
were detectable in surface waters, the surface water quality data were
not dominated by Na as would be expected if the far more concen-
trated Na-Cl-rich brines in the Sherwood Sandstone Group were
migrating to the surface.
Wilson et al. (2017) showed that compartmentalisation may
increase the risk of injected fluids migrating to near-surface aquifers.
In the study region, the Woodsfold fault is considered to compart-
mentalise the central and southern Fylde (Ove Arup and Partners
Ltd., 2014a; Wilson et al., 2019). Although the surface water quality
sampling and study design was capable of detecting a
compartmentalisation signature smaller than that between the under-
lying bedrock formations, the absence of any compartmentalisation
signature indicated that groundwater from the lower levels of the
Mercia Mudstone Group, or below, was not rising to surface in
response to the Woodsfold fault acting as a barrier. Thus, whilst Wil-
son et al. (2017) suggested compartmentalisation may enhance
upward flow to the Sherwood Sandstone, the risk of fluid migration
through the overlying Mercia Mudstone Group and to the surface
appears to be low in this area of the basin. There remains scope to
quantify the timings of shallow groundwater circulation across the
study region and investigate if compartmentalisation in other
hydrogeological scenarios creates faster, shorter routes for surface
discharge.
4.5 | Study limitations
In the Bowland Basin the Wyre and Ribble rivers, and their major
tributaries, generally have a baseflow index of 0.3 (NRFA, 2020).
The hot temperatures and lack of precipitation in the 2018 United
Kingdom summer provided an ideal opportunity to sample surface
waters across the study region because baseflow conditions
increased the probability of detecting chemical groundwater signa-
tures. However, in basins where surface runoff dominates and base-
flow is minimal, it may not be possible to detect any chemical
signatures from groundwater. Conversely, in basins with no surface
water system or one with very limited extent, surface water sampling
is not possible or of extremely limited use for understanding the
groundwater system and any interaction. Similarly, if bedrock geol-
ogy does not vary across the basin of interest, it may not be possible
to conclude from water quality data that groundwater in bedrock
formations interacts with surface waters. On the other hand, differ-
ences in surface water quality over the same underlying bedrock
geology may indicate localized interactions with groundwater in
deeper formations. Alternatively, differences in surface water quality
may relate to other environmental factors such as land use or the
geochemistry of any superficial deposits (note that the omission of
such factors in this study does not negate the significant effect of
bedrock geology).
The chemical analyses in this study were limited to field data and
ion concentrations due to financial constraints. The additional analysis
of other ion concentrations and isotopes (radiogenic and stable) may
improve understanding of groundwater–surface water interactions.
For example, Radon-222 concentrates in subsurface waters (Dimova,
Burnett, Chanton, & Corbett, 2013) and can therefore be used to
investigate river/groundwater mixing (Bertin & Bourg, 1994) and
groundwater discharge in coastal areas and lakes (Cable, Burnett,
Chanton, & Weatherly, 1996; Dimova et al., 2013). Stable strontium
isotopes (87Sr/86Sr) have been used effectively as groundwater tracers
(Bullen, Krabbenhoft, & Kendall, 1996; Gosselin, Harvey, Frost,
Stotler, & Macfarlane, 2004; Gunn, Bottrell, Lowe, &
Worthington, 2006), including in the context of unconventional
hydrocarbon resources (Chapman et al., 2012; Frost, Pearson, Ogle,
Heffern, & Lyman, 2002). The ratios of stable oxygen (18O/16O) and
hydrogen (2H/1H) isotopes are also useful because their ratios in rain-
fall vary with climatic temperature, thereby providing constraints on
water body ages and mixing (Abesser, Shand, & Ingram, 2005; Bath
et al., 2006; Darling, Bath, & Talbot, 2003). Although it is unlikely that
isotopic values would be available in sufficient numbers to enable the
type of statistically rigorous and multivariate analyses used in this
study, isotopic analyses may provide confirmatory evidence for inter-
pretations drawn from statistical analyses of larger water quality
datasets.
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Additional non-chemical analyses that could be undertaken to
investigate groundwater–surface water interactions include the use of
hydrograph and temperature data. Hydrograph data can be used to
estimate the contribution of groundwater to river flow (or vice versa)
through the calculation of baseflow indices (Eckhardt, 2008) and flow
accretion values and indices (Grapes, Bradley, & Petts, 2005). How-
ever, the use of hydrographs in basins such as the Bowland Basin may
be limited by the spatial density of gauging stations, which are often
only located on major rivers and tributaries. Conversely, water tem-
perature data can often be collected easily from a greater number of
locations. Given that groundwater can be warmer or cooler than sur-
face waters, temperature anomalies in surface waters could be used
to infer groundwater–surface water interaction (Briggs, Hare, Boutt,
Davenport, & Lane, 2016).
5 | CONCLUSIONS
Understanding how groundwater and surface water systems interact
is essential for the management and protection of water resources. A
variety of data types and methods exist to investigate groundwater–
surface water interactions but these can be costly, and thus spatially
limited at a basin scale. However, surface water quality data can often
be collected and analysed at lower costs, resulting in datasets to
which rigorous statistical analyses can be applied rather than subjec-
tive interpretations of small datasets. In prospective shale gas basins
identifying groundwater compartmentalisation and groundwater–
surface water interactions is particularly important for understanding
potential contaminant pathways. Using surface water quality data
from a prospective basin we showed that bedrock geology was a sig-
nificant factor influencing surface water quality across the prospective
basin, implying regional-scale groundwater–surface water interactions
despite the near-ubiquitous presence of superficial deposits with an
average thickness of 30–40 m. Principal component analysis
supported this conclusion by showing that surface water composi-
tions were constrained within groundwater end-member composi-
tions. Surface water quality data showed no relationship with
previously identified groundwater compartmentalisation, even though
the statistical analysis was of sufficient power to identify the impact
of different aquifer geology on the same surface waters. We propose
that although surface waters appear to interact with a weathered bed-
rock layer via shallow circulation through glaciofluvial sands and
gravels of the superficial deposits, there is no chemical evidence to
suggest that deeper groundwater in this area of the prospective basin
was reaching the surface in response to compartmentalisation-
enhanced flow. Consequently, compartmentalisation in this area of
the prospective basin does not appear to increase the risk of fracking-
related contaminants reaching surface waters.
ACKNOWLEDGEMENTS
M. P. W. was funded by a Durham Doctoral Studentship and is grate-
ful for the additional funding for this study which was provided by the
James E. Hooks Memorial Grant from the American Association of
Petroleum Geologists (AAPG) Grants-in-Aid Foundation. M. P. W.,
F. W., and R. J. D. are part of the Researching Fracking (ReFINE) con-
sortium which has been funded by the Natural Environment Research
Council (UK), Total, Shell, Chevron, GDF Suez, Centrica, and Ineos.
The results and conclusions are solely those of the authors. We thank
Jared West and two anonymous reviewers for their thorough cri-
tiques which greatly improved the manuscript.
ORCID
Miles P. Wilson https://orcid.org/0000-0003-0717-4137
Fred Worrall https://orcid.org/0000-0002-4139-1330
ENDNOTE
1The term basin here refers to a geological sedimentary basin and not a
water catchment.
DATA AVAILABILITY STATEMENT
All surface water quality data are available in the Supporting Informa-
tion. All groundwater quality data are available from Wilson
et al. [2019].
ORCID
Miles P. Wilson https://orcid.org/0000-0003-0717-4137
Fred Worrall https://orcid.org/0000-0002-4139-1330
REFERENCES
Abesser, C., Shand, P., & Ingram, J. (2005). Baseline Report Series: 18. The
Millstone Grit of Northern England. British Geological Survey Commis-
sioned Report No. CR/05/015N.
Anderson, T. W., & Darling, D. A. (1952). Asymptotic theory of certain
“goodness of fit” criteria based on stochastic processes. The Annals of
Mathematical Statistics, 23(2), 193–212.
Andrews, I. J. (2013). The Carboniferous Bowland Shale gas study:
Geology and resource estimation (Vol. 2013, London: ). British
Geological Survey for the Department of Energy and Climate
Change, London.
Bath, A., Richards, H., Metcalfe, R., McCartney, R., Degnan, P., &
Littleboy, A. (2006). Geochemical indicators of deep groundwater
movements at Sellafield, UK. Journal of Geochemical Exploration, 90
(1–2), 24–44.
Bertin, C., & Bourg, A. C. (1994). Radon-222 and chloride as natural tracers
of the infiltration of river water into an alluvial aquifer in which there
is significant river/groundwater mixing. Environmental Science & Tech-
nology, 28(5), 794–798.
BGS (British Geological Survey). (1990). Garstang Sheet 67 1:50 000 Series
Solid Geology.
BGS (British Geological Survey). (2019a). Current UK ground water use.
Retrieved from https://www.bgs.ac.uk/research/groundwater/
waterResources/GroundwaterInUK/2015.html
BGS (British Geological Survey). (2019b). Onshore GeoIndex. Retrieved
from http://mapapps2.bgs.ac.uk/geoindex/home.html
BGS (British Geological Survey). (2019c). Ground water monitoring in Lanca-
shire. Retrieved from https://www.bgs.ac.uk/research/groundwater/
shaleGas/monitoring/waterQualityLancashire.html
Bloomfield, J. P., Allen, D. J., & Griffiths, K. J. (2009). Examining geological
controls on baseflow index (BFI) using regression analysis: An illustra-
tion from the Thames Basin, UK. Journal of Hydrology, 373(1–2),
164–176.
WILSON ET AL. 21
Boothroyd, I. M., Almond, S., Qassim, S. M., Worrall, F., & Davies, R. J.
(2016). Fugitive emissions of methane from abandoned,
decommissioned oil and gas wells. Science of the Total Environment,
547, 461–469.
Boothroyd, I. M., Almond, S., Worrall, F., Davies, R. K., & Davies, R. J.
(2018). Assessing fugitive emissions of CH4 from high-pressure gas
pipelines in the UK. Science of the Total Environment, 631, 1638–1648.
Bottrell, S. H., West, L. J., & Yoshida, K. (2006). Combined isotopic and
modelling approach to determine the source of saline groundwaters in
the Selby Triassic sandstone aquifer, UK. Geological Society, London,
Special Publications, 263(1), 325–338.
Bullen, T. D., Krabbenhoft, D. P., & Kendall, C. (1996). Kinetic and mineral-
ogic controls on the evolution of ground water chemistry and
87Sr/86Sr in a sandy silicate aquifer, northern Wisconsin, USA. Geo-
chimica et Cosmochimica Acta, 60(10), 1807–1821.
Cable, J. E., Burnett, W. C., Chanton, J. P., & Weatherly, G. L. (1996). Esti-
mating groundwater discharge into the northeastern Gulf of Mexico
using radon-222. Earth and Planetary Science Letters, 144(3–4),
591–604.
Chapman, E. C., Capo, R. C., Stewart, B. W., Kirby, C. S., Hammack, R. W.,
Schroeder, K. T., & Edenborn, H. M. (2012). Geochemical and stron-
tium isotope characterization of produced waters from Marcellus
Shale natural gas extraction. Environmental Science & Technology, 46(6),
3545–3553.
Chatfield, C., & Collins, A. J. (1980). Introduction to multivariate analysis
(p. 246). London, England: Chapman and Hall.
Clancy, S. A., Worrall, F., Davies, R. J., & Gluyas, J. G. (2018). The potential
for spills and leaks of contaminated liquids from shale gas develop-
ments. Science of the Total Environment, 626, 1463–1473.
Cripps, C., Burker, H. F., Lee, J. R., & Housh, E. (2016). The Fylde, Lanca-
shire: Summary of the quaternary geology. British Geological Survey
Open Report, OR/16/013.
Currie, J., Greenstone, M., & Meckel, K. (2017). Hydraulic fracturing and
infant health: New evidence from Pennsylvania. Science Advances, 3
(12), e1603021.
Darling, W. G., Bath, A. H., & Talbot, J. C. (2003). The O and H stable iso-
tope composition of freshwaters in the British Isles. 2. Surface waters
and groundwater. Hydrology and Earth System Sciences, 7, 183–195.
Darrah, T. H., Vengosh, A., Jackson, R. B., Warner, N. R., & Poreda, R. J.
(2014). Noble gases identify the mechanisms of fugitive gas contami-
nation in drinking-water wells overlying the Marcellus and Barnett
Shales. Proceedings of the National Academy of Sciences, 111(39),
14076–14081.
Davies, R., Foulger, G., Bindley, A., & Styles, P. (2013). Induced seismicity
and hydraulic fracturing for the recovery of hydrocarbons. Marine and
Petroleum Geology, 45, 171–185.
DEFRA (Department for Environment, Food and Rural Affairs). (2020).
Magic interactive map. Retrieved from https://magic.defra.gov.uk/
home.htm
DiGiulio, D. C., Wilkin, R. T., Miller, C., & Oberley, G. (2011). Investigation
of ground water contamination near Pavillion, Wyoming, Ada, Oklahoma:
. Office of Research and Development, National Risk Management
Research Laboratory.
Dimova, N. T., Burnett, W. C., Chanton, J. P., & Corbett, J. E. (2013). Appli-
cation of radon-222 to investigate groundwater discharge into small
shallow lakes. Journal of Hydrology, 486, 112–122.
EU (European Union). (2000). Directive 2000/60/EC of the European Par-
liament and of the Council of 23 October 2000 establishing a frame-
work for Community action in the field of water policy.
Faul, F., Erdfelder, E., Lang, A.-G., & Buchner, A. (2007). G*Power 3: A
flexible statistical power analysis program for the social, behav-
ioral, and biomedical sciences. Behavior Research Methods, 39,
175–191.
Frost, C. D., Pearson, B. N., Ogle, K. M., Heffern, E. L., & Lyman, R. M.
(2002). Sr isotope tracing of aquifer interactions in an area of
accelerating coal-bed methane production, Powder River Basin, Wyo-
ming. Geology, 30(10), 923–926.
Goodman, P. S., Galatioto, F., Thorpe, N., Namdeo, A. K., Davies, R. J., &
Bird, R. N. (2016). Investigating the traffic-related environmental
impacts of hydraulic-fracturing (fracking) operations. Environment
International, 89, 248–260.
Gosselin, D. C., Harvey, F. E., Frost, C., Stotler, R., & Macfarlane, P. A.
(2004). Strontium isotope geochemistry of ground water in the central
part of the Dakota (Great Plains) aquifer, USA. Applied Geochemistry,
19(3), 359–377.
Gross, S. A., Avens, H. J., Banducci, A. M., Sahmel, J., Panko, J. M., &
Tvermoes, B. E. (2013). Analysis of BTEX ground water concentrations
from surface spills associated with hydraulic fracturing operations.
Journal of the Air & Waste Management Association, 63(4), 424–432.
Guggenmos, M. R., Daughney, C. J., Jackson, B. M., & Morgenstern, U.
(2011). Regional-scale identification of groundwater-surface water
interaction using hydrochemistry and multivariate statistical methods,
Wairarapa Valley, New Zealand. Hydrology and Earth System Sciences,
15(11), 3383–3398.
Gunn, J., Bottrell, S. H., Lowe, D. J., & Worthington, S. R. (2006). Deep gro-
und water flow and geochemical processes in limestone aquifers: Evi-
dence from thermal waters in Derbyshire, England, UK. Hydrogeology
Journal, 14(6), 868–881.
Hamaker, S., & Harris, R. (2007). Fault-related ground-water
compartmentalisation in the East Tintic Mining District, Utah.
Hem, J. D. (1985). Study and interpretation of the chemical characteristics of
natural water. U.S. Geological Survey water-supply paper 2254.
Hortle, A. H., Xu, J., & Dance, T. (2009). Hydrodynamic interpretation of
the Waarre Fm Aquifer in the onshore Otway Basin: Implications for
the CO2CRC Otway project. Energy Procedia, 1(1), 2895–2902.
Jackson, R. B., Vengosh, A., Darrah, T. H., Warner, N. R., Down, A.,
Poreda, R. J., … Karr, J. D. (2013). Increased stray gas abundance in a
subset of drinking water wells near Marcellus shale gas extraction. Pro-
ceedings of the National Academy of Sciences, 110(28), 11250–11255.
Jarvie, H. P., Oguchi, T., & Neal, C. (2002). Exploring the linkages between
river water chemistry and watershed characteristics using GIS-based
catchment and locality analyses. Regional Environmental Change, 3
(1–3), 36–50.
Kondash, A. J., Lauer, N. E., & Vengosh, A. (2018). The intensification of
the water footprint of hydraulic fracturing. Science Advances, 4(8)
eaar5982.1–8.
Kumar, M., Ramanathan, A. L., & Keshari, A. K. (2009). Understanding the
extent of interactions between groundwater and surface water
through major ion chemistry and multivariate statistical techniques.
Hydrological Processes, 23(2), 297–310.
Llewellyn, G. T., Dorman, F., Westland, J. L., Yoxtheimer, D., Grieve, P.,
Sowers, T., … Brantley, S. L. (2015). Evaluating a ground water supply
contamination incident attributed to Marcellus Shale gas development.
Proceedings of the National Academy of Sciences, 112(20), 6325–6330.
Loveless, S. E., Lewis, M. A., Bloomfield, J. P., Davey, I., Ward, R. S.,
Hart, A., & Stuart, M. E. (2019). A method for screening groundwater
vulnerability from subsurface hydrocarbon extraction practices. Journal
of Environmental Management, 249, 109349.
Mott MacDonald. (1997). Fylde aquifer/Wyre catchment water resources
study. Final report carried out for the Environment Agency (North
West Region), in conjunction with North West Water Ltd.
Mott MacDonald (2010). Fylde model upgrade and scenario runs, NGMS
upload. Report for the Environment Agency.
Matthess, G. (1982). The properties of ground water (p. 71). New York, NY:
John Wiley and Sons.
Mohamed, E. A., & Worden, R. H. (2006). Groundwater
compartmentalisation: A water table height and geochemical analysis
of the structural controls on the subdivision of a major aquifer, the
Sherwood Sandstone, Merseyside, UK. Hydrology and Earth System Sci-
ences, 10(), 49–64.
22 WILSON ET AL.
Molofsky, L. J., Connor, J. A., Farhat, S. K., Wylie, A. S., & Wagner, T.
(2011). Methane in Pennsylvania water wells unrelated to Marcellus
shale fracturing. Oil & Gas Journal, 109(19), 54–54.
Molofsky, L. J., Connor, J. A., McHugh, T. E., Richardson, S. D.,
Woroszylo, C., & Alvarez, P. J. (2016). Environmental factors associ-
ated with natural methane occurrence in the Appalachian Basin.
Groundwater, 54(5), 656–668.
Molofsky, L. J., Connor, J. A., Wylie, A. S., Wagner, T., & Farhat, S. K.
(2013). Evaluation of methane sources in groundwater in northeastern
Pennsylvania. Groundwater, 51(3), 333–349.
Myers, T. (2012). Potential contaminant pathways from hydraulically frac-
tured shale to aquifers. Ground Water, 50(6), 872–882.
Neal, C., Rowland, P., Scholefield, P., Vincent, C., Woods, C., & Sleep, D.
(2011). The Ribble/Wyre observatory: Major, minor and trace ele-
ments in rivers draining from rural headwaters to the heartlands of the
NW England historic industrial base. Science of the Total Environment,
409(8), 1516–1529.
NOAA (National Oceanic and Atmospheric Administration). (2019a).
Global climate report for July 2018. Retrieved from https://www.
ncdc.noaa.gov/sotc/global/201807
NOAA (National Oceanic and Atmospheric Administration). (2019b).
Global climate report for June 2018. Retrieved from https://www.
ncdc.noaa.gov/sotc/global/201806
NRFA (National River Flow Archive). (2020). The National River Flow
Archive. Retrieved from https://nrfa.ceh.ac.uk/data/search
Oguchi, T., Jarvie, H. P., & Neal, C. (2000). River water quality in the Hum-
ber catchment: An introduction using GIS-based mapping and analysis.
Science of the Total Environment, 251, 9–26.
Olejnik, S., & Algina, J. (2003). Generalized eta and omega squared statis-
tics: Measures of effect size for some common research designs. Psy-
chological Methods, 8(4), 434–447.
Olmstead, S. M., Muehlenbachs, L. A., Shih, J. S., Chu, Z., & Krupnick, A. J.
(2013). Shale gas development impacts on surface water quality in
Pennsylvania. Proceedings of the National Academy of Sciences, 110(13),
4962–4967.
OS (Ordnance Survey). (2019). OS Terrain 50. Retrieved from https://
www.ordnancesurvey.co.uk/business-and-government/products/
terrain-50.html
Osborn, S. G., Vengosh, A., Warner, N. R., & Jackson, R. B. (2011). Meth-
ane contamination of drinking water accompanying gas-well drilling
and hydraulic fracturing. Proceedings of the National Academy of Sci-
ences, 108(20), 8172–8176.
Ove Arup and Partners Ltd. (2014a). ePNR_ES_Vol1_Environmental_
Statement.
Ove Arup and Partners Ltd. (2014b). Appendix K—Hydrogeology and ground
gas environmental statement temporary shale gas extraction Preston New
Road, Lancashire. Produced for Cuadrilla Bowland Ltd.,
PNR_ES_Vol2_Appndx K_Hydrogeology & Gas.
Ove Arup and Partners Ltd. (2014c). Environmental statement temporary
shale gas extraction Rose Acre Wood, Lancashire. Produced for Cuadrilla
Bowland Ltd., RW_ES_Vol1_Environmental Statement.
Palmer, R. C., & Lewis, M. A. (1998). Assessment of groundwater vulnera-
bility in England and Wales. Geological Society, London, Special Publica-
tions, 130(1), 191–198.
Rothwell, J. J., Dise, N. B., Taylor, K. G., Allott, T. E. H., Scholefield, P.,
Davies, H., & Neal, C. (2010a). A spatial and seasonal assessment of
river water chemistry across North West England. Science of the Total
Environment, 408(4), 841–855.
Rothwell, J. J., Dise, N. B., Taylor, K. G., Allott, T. E. H., Scholefield, P.,
Davies, H., & Neal, C. (2010b). Predicting river water quality across
North West England using catchment characteristics. Journal of
Hydrology, 395(3–4), 153–162.
Sage, R. C., & Lloyd, J. W. (1978). Drift deposit influences on the Triassic
Sandstone aquifer of NW Lancashire as inferred by hydrochemistry.
Quarterly Journal of Engineering Geology and Hydrogeology, 11(3),
209–218.
Sorensen, J. A., & Glass, G. E. (1987). Ion and temperature dependence of
electrical conductance for natural waters. Analytical Chemistry, 59(13),
1594–1597.
Soulsby, C., Tetzlaff, D., van den Bedem, N., Malcolm, I. A., Bacon, P. J., &
Youngson, A. F. (2007). Inferring groundwater influences on surface
water in montane catchments from hydrochemical surveys of springs
and streamwaters. Journal of Hydrology, 333(2–4), 199–213.
Tellam, J. H. (1995). Hydrochemistry of the saline groundwaters of the
lower Mersey Basin Permo-Triassic sandstone aquifer, UK. Journal of
Hydrology, 165(1–4), 45–84.
Thornton, G. J. P., & Dise, N. B. (1998). The influence of catchment charac-
teristics, agricultural activities and atmospheric deposition on the
chemistry of small streams in the English Lake District. Science of the
Total Environment, 216(1–2), 63–75.
UKOGL (UK Onshore Geophysical Library). (2020). Retrieved from
https://ukogl.org.uk/
UKPGA (UK Public General Acts). (1991a). Water Resources Act 1991,
Chap. 57.
UKPGA (UK Public General Acts). (1991b). Water Industry Act 1991,
Chap. 56.
UKSI (UK Statutory Instruments). (2016). The Environmental Permitting
(England and Wales) Regulations 2016.
UKTAG (UK Technical Advisory Group). (2011). Defining and reporting on
groundwater bodies (Working Paper Version V6.21/Mar/2011). Bristol,
UK: Environment Agency.
Vengosh, A., Jackson, R. B., Warner, N., Darrah, T. H., & Kondash, A.
(2014). A critical review of the risks to water resources from uncon-
ventional shale gas development and hydraulic fracturing in the
United States. Environmental Science & Technology, 48(15),
8334–8348.
Vengosh, A., Warner, N., Jackson, R., & Darrah, T. (2013). The effects of
shale gas exploration and hydraulic fracturing on the quality of water
resources in the United States. Procedia Earth and Planetary Science, 7,
863–866.
Vidic, R. D., Brantley, S. L., Vandenbossche, J. M., Yoxtheimer, D., &
Abad, J. D. (2013). Impact of shale gas development on regional water
quality. Science, 340(6134), 1235009.
Ward, R. S., Allen, G., Baptie, B. J., Bateson, L., Bell, R. A., Butcher, A. S.,
… & Wasikiewicz, J. M. (2018). Preliminary assessment of the environ-
mental baseline in the Fylde, Lancashire. Nottingham, UK: British Geo-
logical Survey, OR/18/020.
Warner, N. R., Jackson, R. B., Darrah, T. H., Osborn, S. G., Down, A.,
Zhao, K., … Vengosh, A. (2012). Geochemical evidence for possible
natural migration of Marcellus Formation brine to shallow aquifers in
Pennsylvania. Proceedings of the National Academy of Sciences, 109(30),
11961–11966.
Wilson, A. A. (1990). The Mercia Mudstone Group (Trias) of the East Irish
Sea basin. Proceedings of the Yorkshire Geological Society, 48(1), 1–22.
Wilson, A. A., & Evans, W. B. (1990). Geology of the country around Black-
pool, London: . British Geological Survey Memoir.
Wilson, M. P., Worrall, F., Davies, R. J., & Hart, A. (2017). Shallow aquifer
vulnerability from subsurface fluid injection at a proposed shale gas
hydraulic fracturing site. Water Resources Research, 53(11),
9922–9940.
Wilson, M. P., Worrall, F., Davies, R. J., & Hart, A. (2019). Identifying
ground water compartmentalisation for hydraulic fracturing risk
assessments. Environmental Science: Processes & Impacts, 21(2),
352–369.
WILSON ET AL. 23
Worrall, F., & Kolpin, D. W. (2004). Aquifer vulnerability to pesticide pollu-
tion combining soil, land-use and aquifer properties with molecular
descriptors. Journal of Hydrology, 293(1), 191–204.
Sophocleous, M. (2002). Interactions between groundwater and surface
water: the state of the science. Hydrogeology Journal, 10(1), 52–67.
Eckhardt, K. (2008). A comparison of baseflow indices, which were calcu-
lated with seven different baseflow separation methods. Journal of
Hydrology, 352(1-2), 168–173.
Grapes, T. R., Bradley, C., & Petts, G. E. (2005). Dynamics of river–aquifer
interactions along a chalk stream: the River Lambourn, UK. Hydrologi-
cal Processes, 19(10), 2035–2053.
Briggs, M. A., Hare, D. K., Boutt, D. F., Davenport, G., & Lane, J. W. (2016).
Thermal infrared video details multiscale groundwater discharge to
surface water through macropores and peat pipes. Hydrological Pro-
cesses, 30(14), 2510–2511.
SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section at the end of this article.
How to cite this article:Wilson MP, Worrall F, Clancy SA,
Ottley CJ, Hart A, Davies RJ. Compartmentalisation and
groundwater–surface water interactions in a prospective shale
gas basin: Assessment using variance analysis and multivariate
statistics on water quality data. Hydrological Processes. 2020;
1–24. https://doi.org/10.1002/hyp.13795
24 WILSON ET AL.
